This work aims at developing a methodology that can provide information of in-flame particle radiation in industrial-scale flames. The method is based on a combination of experimental and modeling work. The experiments have been performed in the high-temperature zone of a 77 kW th swirling lignite flame. Spectral radiation, total radiative intensity, gas temperature, and gas composition were measured, and the radiative intensity in the furnace was modeled with an axisymmetric cylindrical radiation model using Mie theory for the particle properties and a statistical narrow-band model for the gas properties. The in-flame particle radiation was measured with a Fourier transform infrared (FTIR) spectrometer connected to a watercooled probe via fiber optics. In the cross-section of the flame investigated, the particles were found to be the dominating source of radiation. Apart from giving information about particle radiation and temperature, the methodology can also provide estimates of the amount of soot radiation and the maximum contribution from soot radiation compared to the total particle radiation. In the center position in the flame, the maximum contribution from soot radiation was estimated to be less than 40% of the particle radiation. As a validation of the methodology, the modeled total radiative intensity was compared to the total intensity measured with a narrow angle radiometer and the agreement in the results was good, supporting the validity of the used approach.
INTRODUCTION
Even though efforts are made to reduce the use of fossil fuels in electricity production, the global use of coal is continuously increasing. 1 Pulverized combustion (PC) is the dominating technology for using coal for electricity production. In PC, the coal is milled to a size of 5−400 μm and is fed to the furnace through a number of burners forming high-temperature flames. 2 In the furnace, radiative heat transfer is the dominating heat-transfer mechanism. Particle radiation is the major contributor in the flame zone, 3 but also the gaseous components contribute to the radiative heat transfer.
Gas radiation is characterized by its strong spectral dependence; gases absorb and emit radiation in specific spectral regions. The gas radiation can be modeled with high-resolution spectral models with high accuracy. Particles do, in contrast to the gas, continuously emit and absorb radiation in the entire spectrum, and large particles, such as coal and ash, also scatter radiation. Although the spectral properties of particles show a less complex behavior than the gas, modeling of particle radiation implies other challenges because there are larger uncertainties in the radiative properties of particles than those of gases. To characterize particle radiation, it is necessary to determine the particle temperature. Also, the amount of particles in the flame and the type of particles, fuel, soot, or ash, are important factors that depend upon coal type and combustion conditions. The present work focuses on methods to quantify these factors in coal flames by means of combining measurements and modeling.
There are several studies on measurements of particle temperatures in small lab-scale applications, e.g., in entrained flow reactors 4−8 and drop-tube furnaces. 9−11 These lab-scale measurements often give detailed information on the temperature evolution during combustion of single fuel particles. However, this work aims at using methods applicable to studies of radiative heat transfer in flames of pilot up to industrial size, i.e., conditions in which the lab-scale methods are difficult to implement. Measurements of the particle temperature in these large-scale flames are more scarce because of the complex measurement environment, especially with respect to the limited optical access, but some measurements have been performed in industrial-scale flames and in flames with combustion conditions similar to large-scale flames. 12−16 Two-color pyrometry is the prevailing technique to measure the particle temperature, and it was first demonstrated in flame applications by Ayling and Smith 6 and has been used extensively since then, in both lab-scale 4, 6, 17 and larger flames. 13, 16 Two-color pyrometry uses two wavelengths in the visible spectral region to calculate the particle temperature. Other techniques, using three wavelengths, called multi-color pyrometry, also exist. 18, 19 The influence from soot and coal particles with different temperatures in two-color pyrometry was investigated by Grosshandler. 20 It was concluded that the choice of wavelength is important and that the infrared (IR) region might be more accurate to use than the visible region if large temperature differences between soot and coal particles are expected. An alternative technique is to use a Fourier transform infrared (FTIR) spectrometer to measure in the IR spectral region from which the particle temperature can be estimated. Solomon et al. 7 used the FTIR technique to measure particle temperatures in lab-scale applications, and since then, several groups have used similar approaches to measure particle radiation from flames. 14, 15, 21 The problem with line-of-sight techniques, such as two-color pyrometry and spectroscopic techniques, is that the measured particle temperature becomes an average of the optical path for which the measurement is carried out. To overcome this problem, Butler et al. 12 used a water-cooled probe with a cooled background to reduce the optical path, which enabled particle temperature measurements with a higher spatial resolution. Clausen et al. 22 and Bak and Clausen 14 developed a FTIR-based technique by connecting a water-cooled probe to a FTIR spectrometer via fiber optics, thus enabling in situ spectroscopic radiation measurements with a higher spatial resolution. Other temperature measurement techniques also exist, such as laser-based techniques, which can be used with good results in small-scale applications, especially for soot measurements. 23 However, in large flames, laser techniques suffer from beam attenuation, limited optical access, vibrations, etc. and are rarely used in practical applications. 24 In addition to the temperature of the particles, the particle load and the properties of the particles, i.e., the type of particles present in the flame, are important for the understanding of radiative heat transfer in coal flames. In the extensive experimental work in the controlled profile reactor at Brigham Young University, measurements of the particle temperature, particle number density, particle size, and radiative heat flux were carried out. 13 In addition to the measurements, Mietheory-based particle modeling was performed to calculate the radiative heat flux in the reactor with the discrete ordinates method. 12 A comprehensive data set for the measured flames was presented, but because two-color pyrometry was used, it was not possible to separate soot from coal/char or ash radiation and the soot volume fraction could not be measured with the equipment used. All of the tar in the coal was instead assumed to form soot, and from that assumption, the soot volume fraction was estimated. In the work by Stimpson et al., line-of-sight measurements of the soot volume fraction were performed with a two-color laser extinction method. 25 The soot formation in coal-fired air-and oxy-fuel flames of similar scale as the flame in this work was investigated, and it was shown that the formation of soot was highly dependent upon the combustion conditions. Solomon et al. 21 used a FTIR spectrometer to measure radiation from a small lab-scale coal flame. The contributions from coal/char particles and soot were separated on the basis of simplified assumptions on the spectral behavior of coal and soot. The results from the study by Solomon et al. suffer from the line-of-sight problem, which means that all measured properties are an average across the flame. Rego-Barcena et al. 15 used a grating spectrometer to measure the emitted radiation from an industrial-scale flame. The emissivity and particle and gas temperatures were estimated from the measured spectra, but the data in this study are also based on line-of-sight measurements.
The present work combines experiments and modeling as a methodology to characterize particle radiation in a coal flame in Chalmers 100 kW oxy-fuel test rig. The work is a continuation of the work performed both at Chalmers 3,26−28 and Risø DTU 8, 14 and has the aim to quantify particle temperatures and the type of particle radiation in the investigated flame. The experimental work includes measurements of spectrally resolved radiation, total radiative intensity, gas temperature, and gas composition. The radiation modeling is based on particle properties calculated with the Mie theory and gas properties calculated with a statistical narrow-band model. The spectrally resolved radiation is measured with a FTIR-based probe technique, 14 which provides simultaneous estimation of the particle temperature and the amount of particles present in the flame. The use of the probe technique gives a spatial resolution along the cross-section. The temporal resolution of the measurement technique also enables information of fluctuations in both particle temperature and concentration. The measurement results are used in combination with modeling to compare the contributions from particles and gas on the total radiative heat transfer. The contributions from different types of particles are evaluated in the modeling, and an estimation of the amount of soot radiation is given. The modeled total (gas and particle) radiation is compared to measurements of the total intensity for validation of the methodology.
METHODOLOGY
FTIR-based measurements of spectral radiative intensity were performed in a cross-section of the high-temperature zone of a swirling coal flame. Total radiative intensity, gas composition, and gas temperature were also measured. The particle radiation, in terms of emissivity and particle temperature, for 13 positions along the diameter of the furnace was estimated from the spectral measurements, and the amount of particles corresponding to this radiation was obtained by Mie theory calculations. The data given by the experiments, particle load, particle temperature, gas composition, and gas temperature, were used as input to model the total radiative intensity in the cross-section of the furnace. The modeled results are finally compared to the measured total radiative intensity.
2.1. Experiments. The experiments were performed in the Chalmers 100 kW oxy-fuel test rig (although only air-fired experiments were conducted in the present work). The test rig is a refractory-lined, cylindrical furnace with a swirl burner mounted in the top. The fuel is added in a concentric tube with two air registers outside. The primary air has a swirl angle of 45°, and the secondary air has a swirl angle of 15°; the swirl number of the two registers are 0.79 and 0.21, respectively. Details on the unit can be found elsewhere. 3, 29 The data in this work is from a 77 kW th air-fired lignite flame with an air/fuel ratio of 1.18; the properties of the Lausitz lignite are shown in Table 1 .
The lignite is pre-dried and milled to an average diameter of 40 μm; details on the fuel and ash are presented by Fleig et al. 30 All measurements were performed in the high-temperature zone of the flame, 384 mm from the burner. Total radiation intensity, spectral intensity, temperature, and gas composition profiles were measured by traversing the water-cooled probes radially through the furnace.
The gas temperature was measured with a water-cooled suction pyrometer equipped with a S-type thermocouple protected by three ceramic radiation shields. The in-flame gas was extracted with a watercooled extraction probe, and the gas was analyzed in a standard gas analyzing system and with a FTIR gas analyzer. A narrow angle radiometer of IFRF type ( Figure 1 ) was used to measure the line-ofsight radiative total intensity with a quartz window as the background. A small purge gas flow of argon was used in the collimating tube to prevent particles and flue gas entering the probe. The line-of sight radiation is focused on the sensor, a thermopile, with a focusing lens, and the sensor housing is kept at a constant temperature by a separate water-cooling circuit.
The system used to measure the spectrally resolved radiation intensity from which the particle radiation is estimated is based on a design described by Bak and Clausen. 14 It consists of a FTIR spectrometer, Bomem MB155, with an InSb detector cooled with liquid nitrogen and a fiber optic cable connected to the emission port of the spectrometer. The spectral resolution of the spectrometer is chosen to be 2 cm −1 , and the spectral region covered by the InSb detector is 1700−7900 cm −1 . To be able to carry out local in situ measurements, a water-cooled probe is used. The end of the fiber optic cable is positioned in the tip of the water-cooled probe, and a lens is focusing the radiation from the hot flue gas and particles onto a fiber optic link connected to the fiber optic cable ( Figure 2 ). The optics is protected by an uncooled ceramic tube and a small purge gas flow of argon. To have a known optical path length, a water-cooled beam stop is used. The optical path length was 200 mm, and this distance was used when characterizing the radiation emitted by the particles over the distance between the beam stop and the ceramic tube.
To obtain the spectra from the measured signal, a two-point calibration was applied, 31 with one point being a blackbody at high temperature and the other being at room temperature. The calibration procedure scales the measured spectra, so that the true spectral intensity is obtained. From the measured spectra, it is possible to calculate the gas temperature, particle radiation, and gas concentrations. 14 In this work, only the particle radiation is considered, whereas the gas concentrations used in the modeling are taken from the extractive measurements.
2.2. Calculation of Emissivity and Particle Temperature from Measured Spectra. A common assumption is that coal particles are gray body emitters, which means that their emissivity shows no spectral dependence. Figure 3a shows the absorption efficiency of coal and ash particles calculated with Mie theory in the spectral region of particular interest for this study. The complex index of refraction of the coal particles is based on data presented by Foster and Howarth, 32 and the particle diameter is 40 μm. The complex index of refraction of the ash particles is taken from refs 33−35, as presented in ref 27 , and the diameter is assumed to be 10 μm. The diameters of the coal and ash particles are based on data presented by Fleig et al. 30 Figure 3b shows the absorption coefficient of small soot particles calculated from Rayleigh theory according to Modest, 36 with the complex index of refraction taken from eqs 19a and 19b in the work by Chang and Charalampopoulos. 37 As seen in the figure, the absorption efficiency of the coal particles is almost constant in the spectral region investigated. The absorption efficiency of the ash particles varies up to 15% but is on average also relatively constant. This means that it is reasonable to approximate the coal and ash particles as gray body emitters. However, the soot particles show a stronger spectral dependence and cannot be assumed gray without introducing errors in the calculations.
A typical spectrum from the FTIR measurements in the flame is shown in Figure 4a . The measured spectrum consists of radiation emitted by both flue gas and particles. To estimate the amount of particle radiation, a gray body Planck curve representing the particle radiation can be fitted to the spectral regions without gas radiation. The regions chosen for this study to determine the particle radiation from the 200 mm optical path are shown as shaded areas in Figure 4a . The signal-to-noise ratio is high in the two regions, around 2600 and 4200 cm −1 (panels b and c of Figure 4 ). If a longer optical path length is used and, thus, an increased signal, the spectral region around 6000 cm −1 can also be used. In this study, this region is excluded because of too poor of a signal-to-noise ratio. A least-squares fitting was used to find the gray body Planck curve best corresponding to the measured spectra in the regions around 2600 and 4200 cm −1 . The two parameters used in the curve fit are particle temperature and emissivity. The particle temperature obtained is not a direct measure of the temperature of individual particles but represents an average of all particles in the 200 mm optical path. If the particle temperature is non-uniform along the path, the resulting temperature is likely biased toward the higher temperatures. 38, 39 The emissivity found from the gray body fit represents the amount of particles in the optical path. The emissivity fitted to the measured spectra was used to determine the particle load in the 200 mm optical path, as described in the next section. The uncertainty in the fitting of the gray body temperature and emissivity was evaluated in a sensitivity analysis.
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2.3. Determination of the Amount of Particles. The particles in the center of the flame were assumed to be coal particles with a diameter of 40 μm. The particles outside the flame, in the recirculation zone, were assumed to be ash particles with a diameter of 10 μm. The positions with significantly lower temperature and emissivity were considered as recirculation zones and, thus, only containing ash particles. The influence from the choice of position when changing from coal to ash particles is evaluated in a sensitivity analysis, where the particles are assumed to be coal particles also in the recirculation zone. The particle load profile was determined by comparing modeled total particle radiation with total radiation calculated from the particle temperature and emissivity obtained from the FTIR spectra in each of the measurement positions. The projected surface area of all particles in the measurement volume was used as the fitting parameter. The modeled particle radiation in each of the 200 mm long measurement volumes was calculated assuming a uniform temperature and particle load in the volumes, with the particle properties calculated from the Mie theory. To account for scattering of radiation into the measurement volume, the radiative intensity field based on the modeling presented in section 2.4 was used. The intensity field and particle load profile across the furnace were iteratively calculated, and the solutions converged after a few iterations. The complex index of refraction of the particles is the same as the ones presented above. It is not possible to completely distinguish between coal and soot radiation in the flame, and some of the particle radiation in the flame core stem from soot. To investigate the influence of soot particles on the predicted particle temperature, a sensitivity analysis was performed. For the soot particles, which are significantly smaller than the coal particles, Rayleigh theory was used. In the sensitivity analysis, the particles in the flame were assumed to be non-gray soot particles, with the complex index of refraction taken from ref 37. Different soot temperatures and volume fractions are tested to investigate the influence from soot from which the maximum contribution of soot radiation to the particle radiation is estimated. (1)
The first and second terms on the right-hand side in the RTE are the positive contributions from emission of radiation from gas and particles, respectively. The third term accounts for the decrease in intensity because of absorption of radiation by gas and particles. The fourth term represents the loss of radiation because of scattering of radiation into other directions. To calculate the last term in the RTE, which accounts for the positive contribution of in-scattered radiation from all other directions, the intensity in all directions in the furnace has to be known. The radiation intensity field in the Chalmers oxy-fuel test rig was calculated with a model presented by Johansson et al., 27, 28 in which the geometry of the furnace is approximated as an infinitely long axisymmetric cylinder. The discrete transfer method was used to calculate the intensity. For details on the geometry and the implementation of the models, see refs 27 and 28. 2.4.1. Gas Radiation. The measured temperature and concentration of H 2 O and CO 2 in the cross-section of the flame were used as input in the modeling. The gas radiative properties were calculated with the Malkmus statistical narrow-band model. 40 The narrow-band parameters were taken from the work by Soufiani and Taine. 41 The total gas transmissivity in each narrow band, k, was calculated as the product of the transmissivity of H 2 O and CO 2 (eq 2), and the Curtis− Godson approximation was used for inhomogeneous paths.
2.4.2. Particle Radiation. The particle temperature and projected particle area calculated from the optical probe measurements were used as input for the modeling of the particle radiation. Radiative properties of the particles were calculated according to the Mie theory with a complex index of refraction and particle properties, as described above for each narrow band of the gas radiation model, 150−9300 cm −1 , as well as additional bands, 9300−17000 cm −1 , also covering the visible spectral region. The transmissivities of the particles in each band were calculated as
The total transmissivity of the particle gas mixture was obtained as the product of the transmissivity of the gas and the particles as
2.4.3. RTE with Different Gas and Particle Temperatures. The solution of the RTE follows the procedure presented in refs 27 and 28, with the difference that the model was modified to enable different particle and gas temperatures. The correlated solution of the RTE (eq 5) was used to calculate the intensity of each band. The derivation of eq 5 is given in the Supporting Information, and the indices used refer to a path discretized according to Figure A1 , also presented in the Supporting Information. 
The parameter ψ ̅ v k is a result of the different gas and particle temperatures and relates the absorption by the particles to the total absorption and scattering by gases and particles. Finally, the total intensity was calculated as the sum of the band intensities times the bandwidth.
3. RESULTS AND DISCUSSION Spectral radiation measurements with the optical FTIR-based system were performed for 60 s in each position in the flame, and one spectrum was recorded each second. Figure 6 gives examples obtained from the fitting of the particle temperature and emissivity in three positions in the flame 384 mm from the burner. The positions are center position (400 mm) (panels a and b of Figure 6 ), the flame boundary where the highest temperature gradients are expected (250 mm) (panels c and d of Figure 6 ), and the recirculation zone close to the wall (100 mm) (panels e and f of Figure 6 ). In general, the fluctuations of emissivity are higher compared to the fluctuations of the temperature, except in the recirculation zone, where both temperature and emissivity are relatively constant. The highest emissivity fluctuations are found in the flame core (Figure 6b ). The emissivity depends upon the amount of particles in the optical path and the spectral properties of the particles. One reason for the fluctuating particle concentration is the gravimetric coal feeding system, which is not capable of maintaining a constant fuel flow. Another reason is the turbulent nature of the coal flame, which can be observed visually. The temperature fluctuations are higher in the flame boundary (Figure 6c ) than in the center position (Figure 6a ), which is expected because the largest temperature gradients are found in the flame boundary.
An arithmetic mean of the temperatures in each position in the flame was calculated giving a temperature profile across the furnace. The profile is compared to the temperature profile measured with the suction pyrometer shown in Figure 7a (position 0 mm is where the probe was inserted, and the opposite wall is located at 800 mm). The temperature measured with the suction pyrometer is an average of both the gas and particle temperatures. The thermal inertia in the Figure 7 by error bars representing the standard deviation in each position. The maximum average particle temperature in this cross-section of the flame is around 200°C lower than the maximum average gas temperature measured with the suction pyrometer. The particle temperature depends upon the particle type, size, and heating rate of the particles. These measurements were performed at a distance of 384 mm from the burner. The total length of the visible flame was around 1 m, and it is likely that the conversion of the coal particles is still in the devolatilization phase in Figure 7 because of the short residence time from the burner to the position (384 mm), as indicated by the low temperatures. The non-symmetric particle temperature profile can be caused by reflections of radiation on the water-cooled background. Such reflections from the high-temperature flame could be important in the zones with a lower temperature but are not significant for measurements within the flame. Other explanations of the nonsymmetrical shape could be that the flame is not perfectly centered and disturbances induced by the probes.
Lafolletie et al. 39 and Murphy and Shaddix 38 both performed modeling studies of two-color pyrometry and investigated the influence of temperature gradients in the measurement volume. The results from these studies show that the measured temperature is biased toward the higher temperature in the measurement volume. For a 200 mm long measurement volume, this effect will cause an overestimation of the temperature in positions with large temperature gradients. Positions with significant temperature gradients are located at the flame boundaries. This will likely cause a temperature profile with a wider high-temperature zone than the true particle temperature profile. However, the suction pyrometer is also not a point measurement, and it is therefore not possible to measure large temperature gradients with this technique because of the high suction velocity, which must be applied in such a probe. Figure 7b shows the emissivity of the particles in the measurement volume found by the Planck curve fitting. The points represent the arithmetic mean of the 60 emissivities in each position, and the error bars show the standard deviation. Note that the emissivities shown represent the emissivity of all particles in the 200 mm long optical paths given in Figure 5a . The standard deviation is, as was also noted in Figure 6 , significantly higher in the flame core, and this reflects the turbulent fluctuations in the flame and the uneven coal feeding. The standard deviation is lower in the region outside the flame. This region is a recirculation zone, which is expected to contain mainly ash particles. The flow pattern in this region is less turbulent, and no large differences in the particle concentration are expected, which is a likely reason for the lower standard deviation seen here.
Because the accuracy in the FTIR signal is high, the fitting of the Planck curve to the measured spectrum is a critical procedure with respect to the total accuracy of the results. To assess the accuracy in the fitting, a sensitivity analysis was therefore performed. Panels a−f of Figure 8 are examples of the sensitivity in the fitting of the gray body temperature and emissivity. In Figure 8a , the emissivity is constant and the particle temperature is increased and decreased by 50 K. Panels b and c of Figure 8 show a magnification of the regions of interest in Figure 8a . As seen in panels b and c of Figure 8 , with temperature differences larger than approximately 50 K, the shape of the Planck curve is deviating from the measured curve and it is not possible to obtain the same agreement in all spectral areas of interest. In panels d−f of Figure 8 , the original emissivity is increased and decreased with 15%. An increase in emissivity beyond 15% yields an increase in the intensity, which results in a poor fit of the curve in all spectral areas of interest. Combinations of these sensitivity analyses have also been performed, where input data of the opposite sign of temperature and emissivity were included (e.g., combining +50 K and −15% emissivity). These showed that the shape of the Planck curve is sensitive to a change in the temperature and it is not possible to achieve an accurate fitting with a significantly higher temperature and lower emissivity and vice versa. This means that it is likely that the temperature can be determined with an accuracy of approximately ±50 K, which corresponds to a relative uncertainty of around ±4% in the center of the flame. The fitted emissivity is likely to be within ±15%. Figure 9 shows the modeled and measured total radiation intensity above (Figure 9a ) and the result of a sensitivity analysis with respect to the particle temperature ( Figure 9b ). The walls are located at 0 and 800 mm, and the distance from 800 to 1200 mm represents the measurement port on the opposite side of the furnace from where the probe was inserted. The quartz window used as a cold background is located in the end of the measurement port at 1200 mm. The gas concentrations used in the modeling are based on the extractive measurements and ranges between 9 and 11.6% for H 2 O and between 13.8 and 15.8% for CO 2 in this cross-section. The CO concentration was 6% in the center position. The measured total radiative intensity is a result of the emitted, absorbed, and scattered radiation from the gas and particles in the line-of-sight path between the probe tip and the cold background. The gas and particle radiation were also modeled separately, and as seen from Figure 9a , the particle radiation is the dominant radiation source. The overall agreement between the measured and modeled total radiation is good, although the modeled profile is somewhat broader than the measured profile. This may be due to either uncertainties in the temperature profile or uncertainties in the amount of particles in the region close to the walls that was obtained from the FTIR measurements. Also, the signal-to-noise ratio of the detector in the narrow angle radiometer is poor when the intensity is low, as in the region when the probe end is close to the cold background, i.e., at distances within 600−800 mm. When the results from this study are compared to earlier work performed in the same test rig, 3, 27, 28 the overall agreement between measurements and modeling of the total radiative intensity is similar. The difference in this work compared to the previous work is that the particle load is based on a direct quantification of the particle radiation and not a fitting of the particle radiation to the measured total radiative intensity. The fact that the modeled total intensity agrees well with the measured intensity shows that the methodology presented in this work is capable of estimating the particle radiation in the investigated crosssection of the coal flame.
The sensitivity of the predicted particle temperature was examined by changing the particle temperature with ±50 K in the cylindrical radiation model (Figure 9b ). The figure shows 
Article dx.doi.org/10.1021/ef402271g | Energy Fuels 2014, 28, 2199−2210 that the particle temperature is an important parameter in the radiation modeling, although the expected uncertainty in the predicted particle temperature (approximately 50 K) does not significantly affect the results. In the fitting of the projected particle area, the positions with substantially lower measured spectral intensity, 0−250 mm from the walls, were assumed to contain only ash particles. The impact of having coal or ash particles is investigated using only coal particles in all positions. The difference in the result is negligible. Thus, the choice of particle type in the recirculation zone is not important for the modeling results. There is a discrepancy between the modeling and measurements in the region 350−800 mm, and a likely part of the explanation for this is an overestimation of the amount of particles in the recirculation zone close to the walls. The spectral intensity in the positions in the recirculation zone is much lower than in the flame, and the signal-to-noise ratio is therefore lower, making the fitting procedure less accurate. Also, reflections from the water-cooled background may result in an overestimation of the amount of particles in this region because this effect has a stronger influence when the radiation emitted by the particles is low. However, for the parts of the flame where the particle radiation is higher, i.e., in the center of the flame, the signal is stronger and the predicted amount of particles is believed to be more accurate.
In the results presented above, the particles in the flame are assumed to be only coal particles. However, some studies, for example ref 16 , have shown that soot radiation is a main source for the particle radiation in the high-temperature flame zone. To investigate if small soot particles are also important in the lignite flame investigated, an extreme case was tested, where only small soot particles were used in the fitting of the particle temperature and particle load. Because small soot particles are Figure 10 . Examples of soot and coal radiation in the center position of the flame with cases according to Table 2 : (a) case 1, varying soot temperature and soot load; (b) case 2, only coal particles; (c) case 3, with the coal particle temperature lower than in the reference case with only coal particles; (d) case 4, with a low soot volume fraction; and (e) case 5, with a higher soot volume fraction and coal particle properties as in case 2. non-gray in the spectral area of interest, a non-gray model of the absorption coefficient based on the Rayleigh theory was used. 36 Figure 10a shows an example of the fitting of soot radiation to the measured spectrum. As shown in Figure 4a , it is possible to fit a gray body curve corresponding to a temperature of 1300 K, which represents the particle radiation in this spectrum. Because the soot absorption is higher at higher wavenumbers (Figure 3b ), a lower temperature of the soot is needed to obtain a shape of the curve similar to the gray body at 1300 K. The best agreement of the fitting of soot was found for a temperature around 1140 K and a soot volume fraction of 2 × 10 −6 . The average gas temperature in this position in the flame is approximately 1520 K, and the soot temperature is thus unreasonably low. When the temperature is increased, the peak of the curve is shifted toward higher wavenumbers, and as Figure 10a shows, it is not possible to have a soot temperature close to the gas temperature and still maintain a good fit to the measured spectral intensity.
The soot temperature is expected to be at least as high as the gas temperature. To estimate the amount of soot that can be present without changing the shape of the particle radiation curve significantly, the influence of different amounts and temperatures of soot and coal particles was tested. Table 2 shows input values used in the cases investigated, and the resulting spectra are shown in panels a−e of Figure 10 . Figure  10b shows the reference case with coal particles. Because of the non-gray soot particles and also the higher temperature, including soot in the modeling has the tendency to shift the peak of the spectra toward higher wavenumbers. In Figure 10c , this effect from soot has been counter-acted by lowering the temperature and increasing the amount of the coal particles to maintain a similar fit as in the reference case (Figure 10b ). The new coal particle temperature is 1100 K, and the amount of coal particles is increased by 74%. To which extent this low temperature reflects the true conditions in the flame is difficult to say, but, as noted before, the measurements are performed close to the burner and it is possible that the fuel particles have not had sufficient time to heat to the temperature of the surrounding gas. To quantify the soot contribution, the soot radiation and the combined soot and coal radiation were integrated and the ratio of these gives an approximation of the share of soot radiation in the total particle radiation. As seen from Table 2 , this ratio is 0.37 for case 3. Figure 10d is an example of a case with a low soot volume fraction and the same coal temperature as in the gray body fit, 1300 K. The agreement with the measured spectra is good for these conditions, but the share of soot radiation is lower, constituting 12% of the total particle radiation. Figure 10e , case 5, shows a spectrum with the same soot volume fraction and soot temperature as in Figure  10c , case 3, but with a higher temperature and projected surface area of the coal. In this figure, the change in the shape of the curve is apparent and it is not possible to obtain an equally good fitting to all parts of the spectrum with only particle radiation. The results from this sensitivity analysis show that it is not possible to completely separate the contributions from coal and soot radiation. However, when the calculated combinations of coal and soot radiation are compared to the measured spectra, it is possible to obtain an estimation of the maximum amount of soot radiation that can be present in the flame without compromising the fitting or assuming unreasonable low coal particle temperatures. From the measurements in the center position in the flame, it is likely that the soot radiation constitutes a maximum of 40% of the total particle radiation. Cases 3−5 also indicate that the center of the flame has a soot volume fraction of around 1 × 10 −7 . The estimated soot volume fraction in the coal flames investigated by Stimpson et al. 25 ranged from 10 to 200 × 10 −9 , a range that covers the maximum soot volume fraction estimated in this work.
The small contribution from soot radiation seen in this work compared to, for example, ref 16 might be explained by a low formation of soot in lignite flames. Seeker et al. 17 and Fletcher et al. 42 show that lignite does not produce as much soot as other coal ranks, such as bituminous coals. The picture in Figure 11 gives insight to the combustion condition in the investigated cross-section of the flame with respect to optical thickness and particle radiation.
The results presented in this study are based on measurements in one cross-section of a specific coal-fired flame. The measurements were performed in the near burner region, which is believed to be the reason for the low particle temperatures observed. The amount of soot radiation estimated from the measured spectra is sensitive to the temperature of the coal a The average gas temperature measured with the suction pyrometer was 1500 K in the center position of the flame. Figure 11 . Picture of the coal flame during measurements with the optical probe without the water-cooled beamstop. The photo is taken through the quartz window, used as a cold background, at the opposite side from where the probe was inserted. In the photo, the probe tip is approximately in the center of the flame.
Article dx.doi.org/10.1021/ef402271g | Energy Fuels 2014, 28, 2199−2210 particles. The information gained of the in-flame particle radiation is promising, and it would be useful to extend the measurements to cover more positions in the flame and to investigate other flame conditions. A broader variation of combustion conditions is planned to be investigated in future work.
CONCLUSION
The present work aims to provide a new methodology to study the particle radiation in coal flames. The method consists of a combination of experimental and modeling work. The experiments include measurements of spectrally resolved radiation, total radiative intensity, gas temperature, and gas composition. The radiation modeling is based on particle properties from the Mie theory and a statistical narrow-band model for the gas properties. The experimental work is based on measurements in a cross-section of the high-temperature zone near the burner of a swirling lignite-fired flame. The average particle temperature and emissivity for an optical path length of 200 mm was obtained from the spectrally resolved radiation measurements with an optical FTIR probe in 13 positions along the cross-section of the flame. The information obtained from the optical probe was used to find the corresponding projected surface area of the particles in the flame. The measured and calculated parameters were then used in a radiation model to calculate the radiative intensity in the cross-section of the flame, which was finally compared to the total radiative intensity measured with a narrow angle radiometer. The agreement was good, which demonstrates the potential of the presented methodology. It is found that, for the cross-section of the flame investigated in this work, the particle radiation is the dominating source of radiation. When calculations based on both soot and coal particles were compared, it was possible to estimate the contribution from soot on the total particle radiation. In the center position of the flame, it is concluded that soot radiation constitutes a maximum of 40% of the total particle radiation. The soot volume fraction is estimated to be in the order of 1 × 10 −7 in the same position.
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